Social insects display task-related division of labour. In some species, division of labour is related to differences in body size, and worker caste members display morphological adaptations suited for particular tasks. Bumble-bee workers (Bombus spp.) can vary in mass by eight-to tenfold within a single colony, which previous work has linked to division of labour. However, little is known about the proximate mechanism behind the production of this wide range of size variation within the worker caste. Here, we quantify the larval feeding in Bombus impatiens in different nest zones of increasing distance from the centre. There was a significant difference in the number of feedings per larva across zones, with a significant decrease in feeding rates as one moved outwards from the centre of the nest. Likewise, the diameter of the pupae in the peripheral zones was significantly smaller than that of pupae in the centre. Therefore, we conclude that the differential feeding of larvae within a nest, which leads to the size variation within the worker caste, is based on the location of brood clumps. Our work is consistent with the hypothesis that some larvae are 'forgotten', providing a possible first mechanism for the creation of size polymorphism in B. impatiens.
INTRODUCTION
Division of labour as a key feature of social insect societies has been described for thousands of years (Aristotle 350 BC 2000; Beshers & Fewell 2001) , and is considered a major reason for their ecological success (Wilson 1985 (Wilson , 1990 Robinson 1992) . Division of labour implies that the worker caste is divided among the different jobs. Workers specialize, whether permanently or temporarily, on a subset of tasks. This is thought to increase the output efficiency when compared with a system where all workers perform all tasks indiscriminately (see reviews Oster & Wilson (1978) , Robinson (1992) , Beshers & Fewell (2001) , although see Dornhaus 2008) .
There are many ways in which labour might be divided (Beshers & Fewell 2001) , including dominance ( West-Eberhard 1969) or age (Rö sch 1925; Lindauer 1953; Mirenda & Vinson 1981; Seeley 1982; Robinson 1992) . Division of labour may also be based on morphology. Body shape and size are fixed in adults in the Hymenoptera, as in all other holometabolous insects. Morphological division of labour may be observed in several organisms, such as termites ( Noirot & Pasteels 1987) , aphids (Stern & Foster 1997) and ants (Hölldobler & Wilson 1990; Braendle et al. 2003) . Ants provide some of the best cases of non-genetic polymorphisms (Huxley 1932; Wilson 1953 Wilson , 1971 , although see Hughes et al. (2003) and Rheindt et al. (2005) , as approximately 15 per cent of ant genera display a form of worker polymorphism or size variation (Wheeler 1991) . Sometimes this size variation is extreme, such as in Pheidologeton, where there is a 500-fold difference in mass between workers of a single colony (Wilson 2003) . Leaf-cutting ants (Atta spp. and Acromyrmex spp.) are a well-known example of size polymorphisms in relation to a division of labour. Small workers inside the nest care for brood and tend the fungus garden, while large ants with larger mandibles forage and maintain the nest (Wilson 1980; Wetterer 1999) .
Bumble-bee (Bombus spp.) workers display continuous size variation, symmetric around a single mean, where there may be an eight-to tenfold difference in mass between workers of the same nest (Cumber 1949; Plowright & Jay 1968; Michener 1974; Alford 1975; Garofalo 1978; Inouye & Kato 1992; Goulson 2003) . Bumble-bee queens are typically singly mated (SchmidHempel & Schmid-Hempel 2000) , and all workers in a nest are thus full 'super sisters' with a high degree of relatedness (rZ0.75). This is interesting because size variation within a nest is therefore likely to be caused by trophic, not genetic, factors. As in leaf-cutting ants, this size polymorphism is linked with colony organization. Larger workers tend to serve as foragers (Richards 1946; Cumber 1949; Goulson et al. 2002) , and are more likely to make the transition to foraging at a younger age (Brian 1952; Pouvreau 1989) , while smaller workers carry out intranidal tasks, such as brood care and comb construction (Jandt & Dornhaus 2009) , and are more likely never to initiate foraging ( Free 1955; Yerushalmi et al. 2006) , although task switching for all sizes is possible (Jandt & Dornhaus 2009 ).
Previous research has concentrated on the adaptive significance and fitness consequences of morphological division of labour ( Wheeler 1928; Oster & Wilson 1978; Porter & Tschinkel 1985; Powell & Franks 2006) . In bumble-bees, the larger foragers bring back more nectar per unit time (Goulson et al. 2002; Spaethe & Weidenmuller 2002) , fly at cooler temperatures ( Free & Butler 1959) , possess more olfactory sensillae (Spaethe et al. 2007) and are probably less prone to predation (Goulson et al. 2002) , all of which suggest that the size variation in the worker caste may be an adaptive feature in division of labour .
Many factors affect the ultimate size of an adult insect, such as temperature, humidity, food availability, hormones and larval competition ( Wheeler 1991; Cnaani et al. 1997; Emlen & Nijhout 2000; Stern 2001; Davidowitz et al. 2003) . In pollen-storing bumble-bee species such as Bombus impatiens, larvae develop in individual cells (Sladen 1912; Alford 1975; Goulson 2003) . Their size as an adult is directly correlated with how much food they receive as larvae (Plowright & Jay 1968; Pendrel & Plowright 1981; Sutcliffe & Plowright 1988 , 1990 Pereboom 2001; Pereboom et al. 2003) . Larvae are fed by workers on a regurgitated mixture of pollen and nectar (Katayama 1973 (Katayama , 1975 Michener 1974; Alford 1975) . As unequal food amounts during larval development cause size differences (Spaethe & Weidenmuller 2002) , the mass of new workers is therefore controlled by the bees rearing them (Ribeiro 1994) . The question then becomes, how do the workers rearing the new bees regulate which bee gets how much food? In other words, what is the mechanism by which size variation is created?
Anecdotally, it was suggested that the position of a larva during development, which is fixed, influences how much food she receives and, ultimately, her adult size. For example, the larvae at the periphery may receive less care than those in the middle. This was hypothesized not only for the making of reproductives, where it was observed that queens generally resulted from larvae in 'favourable' positions (Cumber 1949) , but also for workers, where it was noted that larvae positioned at the border and bottom of the nest were visited less often by nurse bees (Sladen 1912) and grew 'no larger than a housefly'. However, there has never been direct evidence that peripheral larvae are essentially forgotten. Indeed, the idea has been rejected as implausible (Goulson et al. 2002; Goulson 2003) , probably because the thought of sloppy nurses neglecting larvae might at first appear at variance with the data supporting size variation as an adaptive feature in bumble-bees. However, whether size variation in bumblebees is (or is not) today adaptive does not presuppose that it has (or has not) originally arisen out of the accidental neglect of some brood by nurse worker bees.
We argue that the mechanism by which workers achieve differential feeding of larvae resulting in worker polymorphism and the functional benefits of that polymorphism must be independently tested. Here, we investigate the relationship of position of larvae and their treatment by workers to elucidate the proximate mechanism by which worker size polymorphism is produced.
MATERIAL AND METHODS
(a) Study organism We obtained three queenright bumble-bee colonies (B. impatiens; colonies 1-3) from a commercial breeder (Koppert Biological Systems, Romulus, MI ) . At the start of the experiment, colonies typically had 15-30 workers with brood; each colony at its peak size had approximately 250 individual workers plus brood and honey stores. Colonies were housed in wooden boxes (22!22!11 cm) with screened ventilation holes and a Plexiglas cover to facilitate observations. The colonies were connected by plastic tubing to a foraging chamber (58!36!40 cm), where sugar solution was provided ad libitum. Pollen was delivered directly to the nest through a round opening in the Plexiglas cover daily before the start data collection (see below). Colonies were kept at room temperature. After a few days of habituation the bumble-bees behaved normally with the overhead lights that were on during the day.
(b) Data collection: number of feedings per larva Data were collected approximately four times a week from 8 October to 14 November 2007, for colony 1 (23 observation days) and 22 February to 9 May 2008, for colonies 2 and 3 (39 observation days). We wished to know the feeding rates per individual larva from different nest zones over a daily 2 hours observation period. Brood are fed by workers for 5-9 days during larval development (Cnaani et al. 2002) , so we were able to make observations on several brood cycles throughout the experiments. We drew eight concentric circles of increasing diameter on an acetate sheet that was taped to the Plexiglas cover, using the same sheets for all three colonies. Each circle was labelled with a letter, from A to H, with A being the zone directly over the centre of the colony. Each day, an observer would count the number of larvae within each zone. This allowed us to correct for the number of larvae per zone, which was essential as zones were of different size and varied in how many larvae were present (figure 1). The observer also photographed colonies 2 and 3 with the acetate sheet in place to provide a daily record of larval placement and number, and adult worker distribution.
Structures such as honeypots and brood in bumble-bee nests are not ordered in a predictable pattern (Cameron 1989) , and the queen will lay eggs throughout the nest during the entire life history of the colony. Therefore, at any one time, broods of different developmental stages may be located everywhere from the centre to the periphery of the colony.
Workers feed larvae by regurgitating a pollen/nectar mixture to larvae in a stereotyped manner that is easy to identify (Michener 1974) . A worker will open a larval cell, insert her head and contract her abdomen to discharge the food (Katayama 1973 (Katayama , 1975 Ribeiro 1997) . For each feeding event, the observer recorded the time and zone in which it took place. All zones were monitored simultaneously.
(c) Data collection: size of pupae At the end of data collection for larval feeding, we froze the colonies and sectioned them according to zones. Pupae were measured with digital calipers (accurate to 100th mm) at their widest horizontal mid-section diameter. We measured pupae in zones at all depths, not taking into account that the nest has many levels in the vertical dimension, making our analysis a conservative estimate.
We measured two 'types' of pupae. First, we wished to measure all pupae at the end of their development cycle; these pupae were identified from earlier-stage pupae by a striped appearance on the pupal casing. Second, we wished to measure the pupal casings, which workers recycle as honeypots, of pupae that had enclosed earlier during the colony cycle. These are visually identifiable from pure-wax-constructed honeypots as the old pupa always had a vertically striped appearance on the casing. Therefore, whether we were measuring pupae that had not yet emerged or old pupal casingsturned honeypot, we measured only those with the striped appearance. In all, we measured 1259 pupae.
(d) Statistical analyses All statistics were performed using MINITAB (STUDENT v. 14). We used non-parametric statistics to analyse our data. We calculated a median-feeding rate for the eight zones (A-H) with data pooled from the three colonies, and then used the Kruskal-Wallis, as an analysis of variance between medians, to determine (i) whether there was a significant difference in larval feeding per individual larva among the eight zones and (ii) whether there was a significant difference in the pupal size among the eight zones. We justify our data pooling in two ways. First, we reanalysed both questions using Friedman's test that allows us to block for colonies. Second, we analysed each colony separately to demonstrate that this pattern is significant in each colony.
It was also important to compare specifically between zone pairs because we wished to know (i) whether feeding per larva decreased as one moved from A to H and (ii) whether pupae size decreased as one moved from A to H. If some larvae are 'forgotten', we would expect a significant decrease in feeding per larva and a significant decrease in pupae size from A to H. To determine this, we used a non-parametric multiple comparison procedure that is equivalent to the Tukey post hoc test (Zar 1984) .
To determine whether timing had an effect on brood feeding, which has been previously reported as not being the case (Pereboom 1997) , we performed regressions on each zone using date as the independent variable and feedings/ larva as the response variable.
We wished to compare the spatial pattern of early and late feeding in the life cycle of the colony. We calculated a medianfeeding rate for the eight zones (A-H) with data from all three colonies for before and after the appearance of reproductives, which is a significant point in colony life, after which workers may compete for reproductive opportunities. We used a Kruskal-Wallis test as above to separately analyse spatial pattern before and after this point.
Lastly, to determine whether there is a correlation between the median-feeding frequencies per larva in each zone with the median size of pupae in each zone, we used Spearman's rank correlation.
3. RESULTS (a) Workers and larvae are numerous in centre; ratio of workers/larva constant throughout nest Colonies varied in their median number of larvae present on any given day (colony 1: 15.5; colony 2: 85; colony 3: 58; table 1). All three colonies had a similar distribution of number of larvae across zones: all three colonies had the highest density of larvae in the middle of the colony (figure 1a). Photograph analysis of colonies 2 and 3 (we did not have photographs of colony 1) demonstrated that both colonies also had the highest density of workers in the middle of the colony ( figure 1b) . However, the ratio of workers/larva did not follow a predictable spatial pattern in the nest. Median workers/larva ratios were significantly different among zones in colonies 2 and 3 ( Kruskal-Wallis, H 7 Z18.43, pZ0.02; figure 1c) . However, results of the post hoc test demonstrate that only zone B actually accounts for the significance, in that it was higher than zones D and E. Otherwise, the workers/ larva ratio was not significantly different between zones.
(b) Larvae are fed more often closer to the centre of the nest We found a significant difference among zones in feeding rates per larva when data are pooled across colonies (Kruskal-Wallis, H 7 Z94.42, p!0.001; figure 2 ). This significance was maintained when colonies were analysed individually (colony 1: Kruskal-Wallis, H 7 Z19.33, pZ0.007; colony 2: Kruskal-Wallis, H 7 Z52.75, p!0.001; colony 3: Kruskal-Wallis, H 7 Z37.37, p!0.001) and when we reanalysed feeding frequencies per zone while blocking for colony (Friedman's test, S 7 Z20.05, pZ0.005). For all three colonies, the median number of feedings per larva decreases from the middle zones (A, B and C) to the periphery (table 1; figure 2). By comparing feeding between specific zone pairs, we found that feeding rates in zones A and B, the central zones, were significantly higher than those in zones F, G and H (figure 2). The feeding rate in zone H, which was the furthest from the centre, was significantly lower compared with zones A, B, C and D (figure 2).
(c) Pupae are larger closer to the centre of the nest There was a significant difference in pupae size among zones when data are pooled across colonies (Kruskal-Wallis, H 7 Z103.31, p!0.001; figure 3 ). This significance was maintained when colonies were analysed individually (colony 1: Kruskal-Wallis, H 7 Z28.93, p!0.001; colony 2: Kruskal-Wallis, H 7 Z58.23, p!0.001; colony 3: Kruskal-Wallis, H 7 Z72.17, p!0.001) and when we reanalysed pupal size differences per zone while blocking for colony (Friedman's test, S 7 Z18.89, pZ0.009). For all three colonies, the median pupal size decreases from the middle zones (A, B and C) to the periphery (table 1; figure 3 ). Pupae in zones A and B, the central zones, were significantly larger than those in zones F, G and H (figure 3). Pupae size in zone H, which was furthest from the centre, was significantly smaller than all other zones (figure 3). (Pereboom 1997) , that overall feeding rates did not significantly change over the course of our experiment.
(e) Decrease in feedings/larva from centre to periphery is present before and after the appearance of reproductives The overall spatial pattern that we report (figure 2) is also present when we separately analyse the results from the time before and after the appearance of reproductives. This confirms that the spatial pattern is robust across the colony cycle (see above). There was a significant difference among zones in feeding rates per larva when data are pooled across colonies both Table 1 . Median number of feeding events per larva over 2 hours, median size of pupae (mm), median number of larvae across study days, median number of workers across study days (colony 1 data not available) and area of zones in zones A-H for all three colonies. Workers and larvae tend to be more concentrated in the middle. All colonies exhibited the trend of decreasing larval feeding and decreasing pupal size as one moved from A to H. (f ) Feeding rate per larva is correlated with pupae size We found a significant positive correlation between feeding rate per larva and pupae size across zones A-H (Spearman's rank correlation, r s Z0.976, nZ8, p!0.001; figure 4), as both feeding rate and size of pupae increase from zones A to H. Colony 1 produced in general smaller pupae. However, all three colonies show the significant positive relationship between feeding and pupae size.
DISCUSSION
Our results clearly demonstrate that larvae at the periphery of the nest receive less feeding than those in the centre (figure 2). Further, pupae at the periphery of the nest are smaller than pupae in the centre of the nest (figure 3). These results were found consistently across all colonies (table 1) and support the hypothesis that peripheral brood receive less care. The differences in feeding rate based on larval location were present throughout the time course of the colony (see the electronic supplementary material, figure 5). They provide a possible mechanism for the production of size polymorphism in B. impatiens and, ultimately, morphological division of labour in bumble-bees. This notion that larvae at the bottom and sides of the nest become small adults was first proposed almost a century ago (Sladen 1912; Cumber 1949) ; however, this is the first direct evidence, to our knowledge, that larval feeding and pupal size vary directly with distance from the nest centre.
Although the feeding rate for individual larva is irregular and 'stochastic' (Pendrel & Plowright 1981; Cnaani & Hefetz 1994) , previous work has shown that the average, population-level feeding rate at the colony level is constant (Pereboom 1997 ). This we confirm here. Our overall observed feeding rate was possibly elevated due to the pollen we provided immediately before the start of each observation period, which stimulated the workers' feeding of larvae (M. J. Couvillon 2008, personal observation). Sometimes feeding rates were slightly higher in zone B than zone A (table 1), which was immediately adjacent to the exact centre (zone A); however, this difference was never significant.
Previous work has demonstrated that spatial organization is relevant in social insect nests. Much of the work has been on adult workers, where their position within the nest is correlated with division of labour (in ants, Wilson 1976 , Sendova-Franks & Franks 1995 , Powell & Tschinkel 1999 , Backen et al. 2000 wasps, Robson et al. 2000; honeybees, Rö sch 1925 , Lindauer 1953 , Seeley 1982 bumble-bees, Jandt & Dornhaus 2009 ). There is also strong evidence to support that workers in some ant species spatially arrange brood to help workers organize brood care, such that the oldest larvae are moved to the nest periphery ( Franks & Sendova-Franks 1992; SendovaFranks et al. 2004 ). Bumble-bees are different, in that the position of any brood item is fixed throughout development.
Our data suggest that the density of larvae and workers is higher in the middle of the nest (figure 1a,b; table 1), although both workers and larvae are present throughout all zones. The ratio of workers/larva neither decreased nor increased as one moved to the periphery, as only zone B was significantly different from the other zones ( figure 1c ). Yet feedings/larva decreased towards the periphery. Perhaps some of the workers that we counted from photographs were not nurses actively engaged in tending brood, which agrees with previous data that nurse bees specifically were found in the nest centre ( Jandt & Dornhaus 2009 ). Therefore, the absence of nurses (although not workers) at the periphery might provide an explanation of why feeding rates are lower there. Experimentally starved larvae are fed significantly earlier and more often, suggesting that the larvae somehow signal their status to workers (Smeets & Duchateau 2001; Pereboom et al. 2003) . Larvae in the pathway of workers are fed more often than those in concealed areas (Stephen & Koontz 1973a,b) , which suggests a contact chemoreception signal rather than a volatile one. Nurses may thus not actively 'choose' to starve larvae; rather, larvae at the periphery might be too far away from the main nurse traffic concentrated in the centre of the nest for a signal to be noted.
To our knowledge, honeybees, which are also fed by workers, do not neglect larvae at the periphery of the nest, although the regularity, organization and higher worker density of an Apis nest could account for their regular feeding and their relatively uniform-size worker distribution ( Jay 1963) . Similarly, stingless bee workers are also of uniform size ( Waddington et al. 1986; Ramalho et al. 1998; Roulston & Cane 2000; Goulson et al. 2005) ; however, some stingless bee species have unpredictably patterned nests such as Bombus (e.g. Frieseomelitta varia). The uniform worker size may be achieved because, unlike B. impatiens, stingless bee larvae develop inside sealed, provisioned cells (Roubik 1989; Koedam et al. 1999) .
There are some Bombus species that do provision their larvae as the stingless bees. In these pocket-making species, which we did not investigate here, larvae develop communally in 'pockets'. Curiously, worker size variation is even greater in pocket makers than the unprovisioned pollen-storing species, such as B. impatiens (Pouvreau 1989; Goulson 2003) . The pocket larvae might compete with each other for the provisioned food (Sladen 1912 ; Cumber 1949). If this is the case, the position of a larva within the pocket in relation to the other larvae might be significant. By contrast, we have shown here that the position of the individual larva within the nest for the pollen-storing B. impatiens is likely to be an important predictor of adult worker size. We do not believe these data exclude the idea that size variation is an adaptive feature in bumble-bee colonies. Our data could support three possible scenarios. In one, accidental neglect of some larvae led to size variation that was then co-opted for division of labour. Size variation would therefore be an exaptation (Gould & Lewontin 1979; Gould & Vrba 1982) , conferring adaptive benefits for fitness via division of labour, even if it did not initially evolve for that specific role. In a second scenario, size variation evolved as an adaptation for division of labour (Goulson et al. 2002; Goulson 2003) , and we show here that the mechanism of creating that variation is differential feeding depending on position in the nest. The third scenario would be that size variation is not adaptive for division of labour. We did not test these scenarios, although an interesting implication of our work is that it raises the possibility of scenarios one and three.
However, there is supportive evidence for the second scenario: large bees are more effective as foragers (Goulson et al. 2002; Spaethe & Weidenmuller 2002) , and they are, in fact, more likely to work as foragers (Goulson et al. 2002) . However, it is important to note that specific pieces are missing from the puzzle. Less understood is the adaptive benefit of small workers or polymorphism per se. Pervading wisdom has suggested that small bees might better manoeuvre in the cramped confines of a nest ( Free & Butler 1959) ; however, there is little direct support for small bees as superior nurses. In fact, when the worker size distribution in small groups of bees is experimentally manipulated such that the average worker is larger, these groups rear more bees (Cnaani & Hefetz 1994) . If small bees are not, in fact, better nurses, what precisely is their adaptive function within a bumble-bee nest? Alternatively, perhaps the mechanism reported here, whereby position within the nest results in accidental neglect of peripheral larvae, is a constraint, and worker size variation is a result of this constraint, with selection neither acting for nor against it. Clearly, more work is needed in this area.
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